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Introduction
The development of flexible electronics, including photovoltaics, displays and smart packaging, demands novel transparent encapsulating materials to quantitatively limit the ingress of moisture and oxygen. Prolonged life time stability can be achieved by encapsulating the device between flexible systems consisting of polymer substrates coated with a thin gas/moisture diffusion barrier layer. However, finding a cost-effective way to produce large-area, uniform and excellent barrier coatings with low local defect levels is a challenging and urgent task. A valid solution is to combine low costs and high throughput processing offered by the atmospheric pressure (AP) PE-CVD with the high density and conformality of thin layers delivered by the plasma assisted atomic layer deposition (PA-ALD). [1, 2] It should be emphasized that the higher throughput, required for industrial viable manufacturing, generally also implies the decrease of the barrier film thickness. In the case of ultra-thin gas/moisture diffusion barrier layers, the morphology and properties of the substrate play an important role. While the ALD technology is well known for the excellent conformality of the films in microelectronics applications, the direct deposition on flexible polymeric webs imposes additional challenges. The surface roughness of optical grade polymer foils is relatively high and in the order of few nanometers; the polymeric chains are not necessarily rigidly cross-linked, which can affect the quality of ultra-thin inorganic films.
Even dense polymeric webs typically contain atmospheric gases and moisture which can outgas slowly in vacuum or at elevated temperature and affect the deposition process. Thus one can expect that upgrading the polymer with an inorganic buffer layer produced by a fast, cost-effective process such as roll-to-roll atmospheric pressure PE-CVD can be a valid approach. This consideration is supported also by the recently highlighted remarkable performance of hybrid inorganic layers comprised of an inorganic dyad or a nano-laminate -4 -heterogeneous structures serving as diffusion barriers. [3] [4] [5] [6] [7] Nevertheless, despite the excellent barrier film properties obtained using this approach, the above-mentioned experiments were carried out at low pressure and using relatively low deposition rate solutions.
The focus of the present contribution is therefore to show how the silica-like buffer layer produced by the industrially compatible atmospheric pressure roll-to-roll PE-CVD process on the polymer substrate can influence the performance of the thin and ultrathin PA-ALD alumina moisture barrier films.
Experimental Part
The studied bi-layers combine a 80 nm thick buffer SiO 2 film prepared by AP PE-CVD and naphthalate (PEN) foil (100 µm thick Dupont Tejin PQ65FA) was used as a substrate.
A detailed description of the roll-to-roll AP PE-CVD reactor as well as of the conditions for the plasma-enhanced silica-like film deposition has already been given elsewhere. [8] The schematic picture of the setup is shown in Figure 1a . In this system a high current diffuse reactor, process, and material properties can be found elsewhere. [2, 9] The film growth rate of the described PA-ALD process is ~0.13 nm per cycle. This value was measured by means of spectroscopic ellipsometry for a film grown on a silicon wafer. It should be noted that due to the interfacial layer formation the exact determination of the thickness for ultra-thin layers (≤5 nm) grown on polymeric or porous substrates is not a trivial task. Therefore the data are presented as a function of the number of ALD cycles.
The effective water vapour transmission rate (WVTR) was measured using a Technolox . Atomic force microscopy (AFM, Park Systems NX10) measurements were carried out in contactless mode using Si tips (8 -10 nm). The captured AFM images were then processed using open source Gwyddion software for the surface profile analysis. [10] The Ca-test has been used to measure the intrinsic WVTR at 20 o C, 50% RH (measured far away from pinholes/defects in the film) of the above mentioned barrier layers. The Ca-test has been performed according to the description given by Keuning et al. [11] Results and Discussion
In order to create an inorganic buffer layer between the polymer and permeation barrier, the silica-like film was deposited on a polymeric surface by atmospheric pressure PE-CVD. As recently discussed, [8] the porosity and barrier properties of silica films have been found to be controlled by the specific energy delivered per precursor molecule (TEOS) in the discharge plasma. Higher specific energy values result in denser films but this typically goes at the -6 -expense of the deposition rate. The SiO 2 films employed in the present work were deposited at a relatively high rate of 1600 nm•min -1 and a specific energy of about 1 keV per TEOS molecule. By means of XPS and ATR-FTIR analysis it was observed [8] that such rapidly As a comparison, the performance of thin alumina layers deposited directly on PEN is shown in Figure 3 . The relatively thick PA-ALD alumina film deposited on PEN has a similar barrier improvement as the silica-alumina bi-layers. However, a much larger number of ALD -7 -cycles (> 38) was needed to reach the critical thickness (> 5 nm) which is in agreement with reports in the literature. [12] It is worth to mention that in our experiments we found that thin ALD layers (≤ 38 cycles) produced directly on the PEN substrate often revealed a degradation behavior of the barrier already during the water vapour permeation measurements in the Deltaperm instrument. The WVTR barrier degradation may be related to the Al 2 O 3 hydrolysis effect. [13] At an Al 2 O 3 layer thickness of ~ 20 nm (150 ALD cycles), the barrier performance is independent of the substrate. This phenomenon was not observed for the barriers deposited on the silica-like buffer layer described above. The small increase in WVTR with increasing layer thickness may be attributed to the tensile stress that is commonly found in the ALD alumina films. [14] The duration of oxygen plasma exposure step is known to be an important parameter for plasma-assisted ALD, as it can influence the initial nucleation of the Al 2 O 3 film as well as the effectiveness of the methyl abstraction and oxidation process. According to a previous study, [9] the chemical analysis of the films revealed that the levels of C and H impurities were substantially reduced when increasing the O 2 plasma exposure. In addition to 2 s oxygen plasma pulse we therefore investigated the Al 2 O 3 layer performance for an oxygen plasma exposure time of 10 s. These results are also presented in Figure 3 These observations may indicate that a longer plasma step promotes film nucleation, therefore affecting mainly the performance of ultra-thin layers (no. of cycles ≤10), while the permeation properties of the bulk layer remain approximately unaffected.
In order to discern between effective and intrinsic barrier performances, the bulk material •day -1 range (comparable to the detection limit of the calcium test) which makes this barrier stack potentially suitable for OLED and thin film PV applications, provided an adequate control of the local defect density due to environmental contamination and handling.
The results above indicate a strong synergy between ultra-thin ALD capping layers and silicalike buffer films in the moisture barrier performance. This conclusion corresponds well with the behaviour previously observed for the similar hybrid PECVD/ALD layers (100 nm SiO 2 or SiN x / 10-50 nm Al 2 O 3 ), [3] which were grown, however, at low pressure on rigid substrate.
The decrease in WVTR value of the bi-layer structures cannot be explained in the frame of the ideal laminate theory, considering that both layers individually provide only very minor improvement in barrier performance. A hypothesis is that water vapour permeation in fast deposited silica layers takes place via percolation through an interconnected network of nanopores. In this case the dense ALD film will act as a sealing layer for the porous silica-like layer. The critical thickness of the sealing layer should thus be in the order of the characteristic pore size of the buffer film. This hypothesis is currently being investigated in a parallel research work by making use of ellipsometric porosimetry. [15] Other benefits of the SiO 2 buffer layer are a reduced susceptibility of the Al 2 O 3 film to hydrolysis, and facilitated film nucleation of the ALD film by the presence of silanol groups. [8] -9 - [8, 16, 17] the approach described in the present contribution can lead to a high throughput and a cost effective roll-to-roll method to produce excellent moisture barrier films. nm.
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